Background: There is a lack of longitudinal studies exploring the topological organization of functional brain networks at the early stages of multiple sclerosis (MS). Objective: This study aims to assess potential brain functional reorganization at rest in patients with CIS (PwCIS) after 1 year of evolution and to characterize the dynamics of functional brain networks at the early stage of the disease. Methods: We prospectively included 41 PwCIS and 19 matched healthy controls (HCs). They were scanned at baseline and after 1 year. Using graph theory, topological metrics were calculated for each region. Hub disruption index was computed for each metric. Results: Hub disruption indexes of degree and betweenness centrality were negative at baseline in patients (p < 0.05), suggesting brain reorganization. After 1 year, hub disruption indexes for degree and betweenness centrality were still negative (p < 0.00001), but such reorganization appeared more pronounced than at baseline. Different brain regions were driving these alterations. No global efficiency differences were observed between PwCIS and HCs either at baseline or at 1 year. Conclusion: Dynamic changes in functional brain networks appear at the early stages of MS and are associated with the maintenance of normal global efficiency in the brain, suggesting a compensatory effect.
Introduction
Patients with a first neurological episode of the type seen in multiple sclerosis (MS), so-called clinically isolated syndrome (CIS), are at a high risk of progressing to MS. 1 MS pathology is characterized by inflammation, demyelination, axonal injury, and axonal loss. 2 This pathology induces disruptions in brain connectivity, which can lead to sensory, 3 motor, 4 or cognitive 5, 6 dysfunction. Some studies have shown that functional compensatory mechanisms occurring at the early stages of the disease can limit these clinical manifestations. [7] [8] [9] Resting-state functional imaging studies in MS have shown the potential to non-invasively map the intrinsic functional brain networks and to detect early functional brain changes. 6, [10] [11] [12] Furthermore, graph theory has proved to depict the topological organization of the brain by visualizing the overall connectivity patterns and by characterizing the brain's global organization. 13 Recent studies investigated brain network topology at the CIS stage. Liu et al. 14 showed decreased nodal efficiency in the superior temporal gyrus, left rolandic operculum, and left insula, while Shu et al. 15 did not notice any local changes in the functional connectome of CIS patients. This lack of network changes was then thought to be due to subtle functional changes during this very early stage of the disease. To the best of our knowledge, these graph-based functional studies of CIS were only performed cross-sectionally; therefore, they did not provide answers regarding the dynamics of the functional brain networks at this stage. 16 In MS, both increased and decreased centralities have been observed in different parts of the brain. 6, 11, 17 Faivre et al. 18 studied the evolution of network topology over 2 years of follow-ups in relapsing-remitting MS (RRMS) patients after on average 10 years of evolution of the disease. At baseline, the local and nodal efficiencies were higher in patients Longitudinal study of functional brain network reorganization in clinically isolated syndrome compared to controls, while after 2 years, these values decreased and were no longer different from controls. Thus, the authors hypothesized that the compensatory mechanisms failed after reaching a maximal level. In this context, one may wonder whether such compensatory mechanisms (or failure of compensation) could be involved as early as at the stage of CIS.
For such needs, we aimed to study resting-state functional brain network topology longitudinally, few months after CIS and 1 year after using both global and local graph-based measures to assess functional brain network reorganization.
Materials and methods
Standard protocol, approvals, registration, and patient consent Each participant gave written informed consent. The patients were included in a prospective study without intervention, analyzing early brain damage in patients with CIS (PwCIS; SCI-COG, ClinicalTrials.gov Identifier: NCT01865357). This study was approved by the local ethics committee.
Participants
A total of 52 PwCIS were prospectively recruited less than 6 months after a first neurological episode of the type seen in MS and presented with at least two clinically silent cerebral lesions on fast fluid-attenuated inversion recovery (FLAIR) images characteristic of MS. All patients underwent a magnetic resonance imaging (MRI) scan at baseline, and 41 PwCIS were rescanned 1 year after the first assessment. The exclusion criteria included below 18 years of age, inability to perform MRI, history of other neurological or psychiatric disorders, MS attack within 2 months prior to screening, corticosteroid pulse therapy within 2 months prior to screening, and severe depression (Beck Depression Inventory score (BDI) > 27). Clinical assessments and the Expanded Disability Status Scale (EDSS) scores were determined by expert neurologists.
In total, 20 healthy controls (HCs) matched for age, sex, and educational level were also included and underwent the same MRI protocol. Of which, 19 of the HCs were rescanned within 1 year of the first assessment. Because our aim was to study the longitudinal evolution of brain network topology, only participants with longitudinal follow-ups were considered for the current analyses. Therefore, the 41 patients and the 19 HCs followed over 1 year are referred to as PwCIS and HCs, respectively.
All participants were also evaluated using a large neuropsychological (NP) battery detailed in the supplementary material.
MRI acquisition
The MRI acquisition was performed on a 3-T MRI system (Achieva TX System, Philips Healthcare, Best, The Netherlands; Signa and Discovery MR750w, GE Healthcare, Milwaukee, WI, USA). The acquisition protocol was harmonized between the magnets and consisted of a three-dimensional (3D) T1-weighted sequence using magnetization-prepared rapid gradient echo (MP-RAGE) imaging, a two-dimensional (2D) FLAIR sequence, and resting-state functional MRI was obtained with an echo-planar imaging (EPI) sequence. See supplementary material for technical details.
Functional magnetic resonance imaging preprocessing
Using statistical parametric mapping (SPM12, www .fil.ion.ucl.ac.uk/spm), we followed the same functional magnetic resonance imaging (fMRI) preprocessing that was used in a previous study. 19 Preprocessing steps are detailed in the supplementary material.
Structural preprocessing and regions of interest
Briefly, lesions were segmented on FLAIR data and lesion filling was applied to T1-weighted images. Structural data were preprocessed with FreeSurfer (v5.3) leading to a custom-made atlas of 83 regions per hemisphere. Details are available in the supplementary material.
Network construction
Interactions between brain regions can be described by graph-theoretical methods. 20 These methods represent interactions consisting of nodes (brain regions) and links/edges between the nodes (functional interaction). To construct functional connectivity networks, for each participant, the average blood-oxygen-level dependent (BOLD) time courses were extracted from each one of the 166 regions defined by our final atlas. Then, Pearson's linear correlation coefficients were computed between the signals from all pairs of regions. It led to an individual-level square 166 × 166 correlation matrix. We created an adjacency matrix with the same number of edges among participants. To do this, we performed proportional thresholding so that each correlation was retained and set to 1 if superior to that threshold or set to 0 otherwise. We assessed the networks over a wide range of density thresholds (5%-20%). Our results were considered as robust when they were identical across these different densities. To simplify, we only show the results for a 15% density threshold. This choice was based on priors relative to the known sparsity of the anatomical connections in the human nervous systems. 18, 20 The brain connectivity toolbox (brain-connectivity-toolbox.net) 21 was used to calculate the following connectivity measures.
Degree (Deg) represents the number of links connected to a node
where a ij is the connection status between i and j: a ij = 1 when link (i, j) exists (when i and j are neighbors); a ij = 0 otherwise.
Local efficiency (Eloc) 22 represents the short-range connectivity and is related to the density of the shortdistance connections of the network. Eloc shows the information transfer in the immediate neighborhood of each node
where Eloc i is the local efficiency of node i, and d jh (N i ) is the length of the shortest path between j and h that contains only neighbors of i.
Global efficiency (E glob ) 22 of the network is given by
where d ij is the shortest path length between nodes i and j.
Betweenness centrality (BCN) 23 represents a measure of "hubness," and generally speaking corresponds to brain areas that have the highest connectivity and form the core of the brain network
where ρ hj is the number of shortest paths between h and j, and ρ hj (i) is the number of shortest paths between h and j that pass through i.
We first assessed the global brain reorganization using the hub disruption indexes ( ) κ 24, 25 for Deg, Eloc, and BCN. The hub disruption indexes measured the way the network's nodes were radically reorganized in comparison with healthy volunteers, with increased hubness in some regions and decreased hubness in others. To compute κ , we first subtracted the HC group mean network metric of the same node from a patient before we plotted the difference against the HC group mean. κ is the gradient of a straight line fitted to these data. In other words, for each subject and each measure, this gradient was estimated as the slope of the following graph
Measure
Measure
where µControls is the mean value across the whole HC group. Figure 1 illustrates the hub disruption index calculation for both representative patient and healthy volunteer. In other words, this metric can be used to compare the behavior of the network of a single subject with respect to a referential network topology (the normative network topology of a HC group).
Statistical analysis
The statistical analyses were performed using SPSS software version 23.0 (SPSS, Chicago, IL, USA).
Parametric and non-parametric tests were used according to the variable distribution. Normality of the distribution was assessed using the Shapiro-Wilk test. The categorical variables were investigated with χ 2 tests. Cross-sectional comparisons were performed using two sample t-tests (normally distributed data) and Mann-Whitney U-tests (non-normal data), while longitudinal comparisons used paired t-tests (normally distributed data) or Wilcoxon tests (non-normal data).
The hub disruption indexes for each metric were investigated using one-sample t-tests. If it was significantly different from zero indicating a global reorganization, a region-wise comparison for the correspondent metric was used to look for the major regions driving this reorganization. This comparison was done using a Mann-Whitney U-test and was corrected for multiple comparisons using the false discovery rate (FDR). The p-value less than 0.05 was considered statistically significant.
Results

Clinical and conventional MRI characteristics
The characteristics of PwCIS and HCs at both timepoints are reported in Table 1 .
The groups were matched for age, gender, and educational level. In patients, EDSS scores did not change significantly between baseline (median EDSS = 1, range = 0-3) and year 1 (median EDSS = 1, range = 0-5), and T2 lesion volumes (T2 LV) did not differ significantly between baseline (median T2 LV = 0.98 mL, range = 0.02-63.12) and year 1 (median T2 LV = 1.32 mL, range = 0.07-67.74).
Only a moderate cognitive impairment was noticed at baseline, as only the computerized speed cognitive test (CSCT) and the brief visual memory test-revised (BVMTR) were altered (see Table S1 ). This cognitive impairment was no longer observed after 1 year as PwCIS showed no significant differences compared to HCs (see Table S2 ).
Brain network reorganization at baseline
The PwCIS showed significant brain network reorganization, in that the hub disruption indexes for degree and betweenness centrality were significantly Figure 1 . Hub disruption index calculation. Hub disruption index calculation method (of degree) of an individual subject relative to the healthy control group mean for (a) a healthy control subject and (b) a CIS patient subject. To construct the hub disruption index ( ) κ for degree, we subtracted the mean degree of the healthy control group for each node from the degree of the corresponding node in an individual subject before plotting this individual difference against the healthy group mean. Each point on this scatterplot represents a node. ( ) κ is the slope of the red fitted regression line computed on this scatterplot. negative (p < 0.001 and p < 0.05, respectively; Figure 2 ). However, their global efficiencies were not different compared to the HCs (0.525 ± 0.013 vs 0.533 ± 0.012). The hub disruption index of the local efficiency was not significantly different from 0.
Brain network reorganization at 1 year Functional brain reorganization was still present at the 1-year follow-up in PwCIS, as the hub disruption indexes for degree and betweenness centrality were still significantly negative (p < 0.00001 for both comparisons; Figure 3 ). Patients were still able to maintain their global efficiency, as it was not different compared to the controls (0.525 ± 0.017 vs 0.522 ± 0.025). As was the case at baseline, the hub disruption index for local efficiency was not significantly different from 0. When comparing these network parameters between converters to MS and CIS, no significant differences were noticed.
To assess the longitudinal evolution of these hub disruption indexes, a paired t-test comparison was used for degree and betweenness centrality at both timepoints. The hub disruption indexes of both degree and betweenness centrality were significantly lower at year 1 compared to baseline (−0.30 ± 0.55 at baseline vs −0.65 ± 0.60 at year 1 for degree, p < 0.001; −0.00005 ± 0.00014 at baseline vs −0.0002 ± 0.00014 at year 1 for betweenness centrality, p < 0.00001, respectively).
Regional modifications
Both the degree and the betweenness centrality showed significantly negative hub disruption indexes at both time-points in PwCIS, indicating global brain reorganization. To assess the major regions driving this reorganization, region-wise comparisons were performed for these two metrics.
To qualitatively assess the topography of the brain network reorganization in PwCIS for both the degree and the betweenness centrality, we displayed on surface renderings the regions showing abnormal connectivity compared to the HCs before multiple comparison correction (Figures 4 and 5 ; Table 2 ).
With regard to betweenness centrality, no region survived the multiple comparison correction at either time-points. With regard to degree, the right middle temporal gyrus showed significantly more connections in PwCIS compared to HCs at baseline. After 1 year, the bilateral hippocampus and the post-ventral cingulate gyrus, as well as the left parieto-occipital sulcus, exhibited significantly higher degrees in PwCIS than in controls, while the right middle occipital gyrus and the left posterior segment of the lateral fissure had lower connections.
Hub disruption index and clinical outcomes
To assess whether brain reorganization at this stage of the disease is related to disability (EDSS) or to the patient's lesion load (LL), the hub disruption indexes of degree and betweenness centrality were correlated to EDSS scores and LL using Spearman's rank correlation coefficient. Both the EDSS scores and the LL did not show any significant correlations with the altered hub disruption indexes, either at baseline or after 1 year.
Then, Pearson's correlation was used between altered cognitive tests and corresponding hub disruption indexes. Hub disruption index of betweenness centrality was observed to be correlated to delayed recall of the BVMTR (BVMTR-DR) as r = -0.32 and p < 0.05 at 1 year. This indicates more pronounced brain network reorganization as the cognitive performances are getting better.
Discussion
In this study, we investigated, for the first time, the longitudinal topological reorganization of functional brain networks in PwCIS. We found that brain network reorganization began at the onset of the disease and evolved over the first year. However, global brain function preservation and normal cognitive performances indicate here a compensatory mechanism that is effective over this 1-year follow-up.
At baseline, we noticed the first hubness reorganization as the hub disruption indexes for both degree and betweenness centrality were significantly negative in PwCIS, which indicated a combination of underconnected and overconnected brain regions. This was mainly driven by an increased degree, which indicated the development of new connections, in the right middle temporal gyrus in PwCIS compared to HCs. At this stage, the global efficiency of the brain in the PwCIS was still normal compared to HCs, and PwCIS had only a moderate cognitive alteration at this stage. After 1 year, this brain network reorganization was even more pronounced. The hub disruption indexes for degree and betweenness centrality were significantly negative in the PwCIS but were also significantly lower than their baseline values, indicating an increased reorganization. Regionally, this reorganization was characterized by an increased degree in the bilateral hippocampus, the bilateral posterior cingulate gyrus, and the left parieto-occipital sulcus. However, a decreased degree was observed in the right middle occipital gyrus and the left posterior segment of the lateral fissure. A preserved global efficiency with normal cognitive performances suggests a compensatory mechanism at this early stage, a hypothesis which was also sustained by the association of better visuo-spatial episodic memory performances with more pronounced brain network reorganization.
A few cross-sectional studies have assessed functional brain reorganization in CIS. Using a relatively small population of 14 CIS with a median disease duration of 1.4 years, Roosendaal et al. 26 observed increased functional synchronization in the posterior cingulate gyrus in CIS patients, as well as in other resting-state networks (the executive function network, attention system, and sensorimotor function network). Recently, Liu et al. 14 investigated a population of 34 CIS with shorter disease duration (median disease duration of 1 month) and found a decrease in the nodal efficiency of the left rolandic operculum in CIS, which was in line with our findings of a decrease in the degree in the left posterior part of the lateral fissure. They also showed a decrease in the nodal efficiency of the insula and the superior temporal gyrus. These heterogeneous findings may be due to the inclusion of different sample sizes, disease durations, or disability levels.
In clinically definite MS, after years of evolution, increased functional connectivity was detected as a possible compensatory mechanism, 4,6,10,11,17,27 while decreased functional connectivity as a probable consequence of maladaptive reorganization due to acute or chronic inflammation was also detected. 6, 11, 17 All together, these results suggested network alterations predominantly in the sensorimotor cortex, cingulate, and fronto-temporal regions, as well as in the thalamus. 6, 10, 11, 17 Furthermore, most studies have been performed cross-sectionally, which limits the understanding of the dynamics of brain network reorganization in MS and, more specifically, at the first stages of the disease. In the only longitudinal study performed in RRMS patients, Faivre et al. 18 reported higher nodal and local efficiencies in patients than in controls at baseline. After 2 years, these values decreased and were no longer different from controls, suggesting a primary compensatory mechanism followed by a brain functional connectivity depletion as the disease progresses.
Functional connectivity changes can be associated with a compensatory mechanism, as well as with maladaptive network rearrangements due to the loss of different large-scale cortical dynamics or the expression of between-network vulnerability. [28] [29] [30] A recent study showed the complex involvement of functional connectivity alterations, as they can be seen as compensatory but are not limited to that. 31 For example, an attempt to compensate after an acute lesion was shown, 32 while increased functional connectivity in CIS without conventional brain lesions was also associated to a high risk to develop MS. 33 In our case, the global efficiency preservation of our CIS population relative to HCs and their normal cognitive performances, indicating normal brain functioning, suggest a compensatory mechanism at this early stage of the 
-(L) Long insular gyrus and central sulcus of the insula disease. This finding is in line with a task fMRI study in PwCIS, showing improvements in the patients' paced auditory serial addition test (PASAT) scores depending on their ability to recruit more compensatory mechanisms involving the right lateral prefrontal cortices (LPFC). 34 This study was not without limitations. The examination of network characteristics might have been influenced by the choice in the parcellation scheme. 35 Even though the organizational principles of functional brain networks seem to be independent of the selected parcellation method, our quantitative measures might have been modulated. Also, non-stationarity of brain connections is often disregarded as it is the case in our study; only the most robust effects in the steady state are captured. This leaves unknown transient states in network connectivity that may better explain how brain networks adapt to challenge and disruption. 36 In conclusion, this study demonstrated longitudinal brain network reorganization in patients with CIS. The pattern of functional connectivity reorganization remains the same during the first year after CIS but tends to be more pronounced at 1 year. In patients, regional reorganization of the connectivity was associated with the maintenance of normal global efficiency in the brain and normal cognitive and functional (EDSS) performances suggesting a compensatory effect. These findings provided new insights into the understanding of the underlying mechanisms and evolution of the disease. Further follow-ups with this cohort will be analyzed in order to generate a longterm model of brain network reorganization in MS.
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